A new hydrothermal fluid sampler has been developed to provide more maneuverability in underwater operation. The sampler characteristically employs a shape-memory alloy, which senses high temperature and actuates the suction mechanism. A shape-memory alloy is also used to switch the intake valve of the sampler, the intention being to avoid missampling when the inlet is in low temperature water. Prototype samplers were designed to collect the fluids hotter than 80°C. Test sampling was performed at hydrothermal vents (1372-1374 m deep) in the submarine volcano, Suiyo Seamount, Izu-Bonin Arc, northwestern Pacific. Observed fluid temperature was between 138 and 298°C, while the ambient seawater temperature was 3.1°C. Each prototype collected about 100 ml fluid as designed. The magnesium concentration in the samples indicated a seawater content of 47.5-90.8%, which indicates the entrainment of ambient seawater. Microscopic observation revealed the occurrence of microorganisms in the sample fluids at a population density of 10 5 to 10 6 cells ml -1 , which is 2-3 orders of magnitude higher than those in seawater at that depth. The use of the newly developed fluid sampler will greatly facilitate the collection of vent-associated microorganisms, which are of potential biological and biotechnological interest.
Introduction
Hydrothermal vent fluids are usually collected with specially designed samplers such as "major samplers" (Von Damm et al., 1985) or modified multi-samplers (e.g., Deming et al., 1989; Tsunogai et al., 1994; , by using an in situ sensing and sampling system. Real-time, online temperature measurement ensures the precise collection of hot fluids (e.g., Straube et al., 1990) . Quite a different problem involves holding a sampler in position by a fluid vent. Incorrect positioning of the intake should be monitored visually or by the drop of temperature, and the sampling should be terminated immediately. Fixed positioning may be possible by the use of specially designed samplers such as "vent caps" and "smoker pokers" (Karl et al., 1988) . However, such positioning samplers are not always suitable for hydrothermal vents having morphological diversity.
Moreover, conventional samplers often require extra batteries, cables and tubings. If the collection of hydrothermal fluids is successful, it is a great degree owed to technical and operational expertise overcoming possible difficulties. Considering the present situation, we tried to make the sampling easier and more certain by developing a new hydrothermal vent sampler. In this communication we report the design of the sampler and the results of using a prototype sampler.
We used a shape-memory alloy (SMA) to design the sampler to be self-activating. When used in appliances, SMAs are primarily used as the temperature sensor and are expected to generate relatively small power. In our sampler, SMAs serve as both sensors and actuators of relatively large power (Patented; Horikoshi et al., 1996) . Thus, the sampler senses hot fluid and generates pumping power from the heat energy of the fluid. The design, specification and performance of the prototype sampler are described and discussed.
Principle of Shape-Memory Alloys
Shape-memory is a physical phenomenon in which a mechanically deformed metal is restored to the original shape by heating (Fremond and Miyazaki, 1996) . The phenomenon is explained by the crystallographic interrelation of the martensite phase (which is stable at low temperature) and the austenite phase (which is stable at high temperature). The term shape-memory alloy (SMA) is applied to those metallic materials that demonstrate the shape-memory ability. The most commonly used SMA is the equiatomic nickeltitanium (NiTi) alloy. The NiTi alloys are biocompatible and extremely resistant to corrosion, and thus are thought to be suitable for the use of hydrothermal fluid chemistry and microbiology. The NiTi alloys demonstrate the martensiteto-austenite transformation at -50 to 100°C, depending on the atomic ratio.
The shape-memory phenomenon is usually a one-way transformation from the deformed shape to the original shape, which occurs on heating. Re-cooling is not necessarily associated with the recovery of the deformed shape. Twoway shape-memory is available by coupling an SMA spring and a bias counter spring (stainless steel). This type of twoway shape-memory device is widely used in industry, robotics and biomedical applications (e.g., Suzuki, 1994) . The twoway shape-memory device is also suitable for switching a valve, and was applied in this way to the inlet of the fluid sampler designed by us.
Mechanisms of the Prototype Sampler
The NiTi alloys in spring forms yield larger strain stress (force) than in linear forms. We used a NiTi alloy in spring form for actuators as well as high-temperature sensors. The atomic ratio of the alloy was 50.18% Ni and 49.82% Ti, defining the transformation temperature of 80°C. In other words, the samplers can easily be re-designed to be activated at lower or higher temperatures by changing the Ni-Ti ratio of the SMA spring. Two types of the SMA springs were prepared. One was to actuate the piston rod for fluid suction, and the other was to activate the valve on and off. Specifications of the SMA springs for fluid suction and valve switching are summarized in Table 1 . A simplified diagram of the suction mecanism by SMA is shown in Fig.  1 . When exposed to hot fluid, the suction spring extends and pushes up the suction piston ( Fig. 1 ). The suction spring and the inlet were placed side by side so that they were exposed to the same fluid simultaneously. Teflon flexible tubes and polyamide connectors were used for the tubing and the inlets, respectively. Figure 1 illustrates the force generation that enables fluid suction by the prototype sampler. The SMA suction spring is first compressed to 50 mm at low temperature (A in Fig. 1 ). At this point, the suction force by strain stress is smaller than the friction force due to push the piston. Exposed to hot fluid (>80°C), the suction spring immediately extends and generates larger force, sufficient to intake the fluid (B in Fig. 1 ). The suction force decreases with the increase of the spring length, and the suction stops at the end of the 120 mm stroke (C in Fig. 1 ). The SMA spring is recooled, and no suction occurs any longer (D in Fig. 1 ).
Valve switching by a two-way shape-memory device is closely coupled to the fluid suction. A simplified diagram of the valve switching mechanism is depicted in Fig. 2 . The valve was placed at the tip of the inlet, so as to ensure the switching on-and-off of the fluid intake by simultaneous sensing of temperature. Figure 2 illustrates the valve onand-off, depending on the force balance between the SMA spring and the bias counter spring. At low temperature, the bias spring for valve-closed yields a larger force than the SMA spring, so that mis-intake of low-temperature fluid is avoided (A and D in Fig. 2 ). On the other hand, when exposed to hot fluid (>80°C), the SMA opening spring generates a larger force than the bias counter spring so as to allow intake of the hot fluid (B and C in Fig. 2 ).
Test Sampling of hydrothermal Vent Fluids
Three prototypes of the same model were assembled ( Fig. 3 ; Kyo et al., 1997) . Approximate dimension was 70 mm in diameter and 300 mm in length before suction; 420 mm long after suction. The prototypes were designed to collect about 100 ml of fluid sample. The exterior of the prototypes was modified for easier operation by the ma-nipulator of the submersible, Shinkai 2000, Japan Marine Science and Technology Center (Fig. 3) . Modification included the addition of a handle (wood and steel), a protective sheath (PVC), and a weight (lead) to keep the sampler's inlet upward. The total weight of a prototype after modification was 2.5 kgf in air and 1.55 kgf in water. The insides of the cylinders, tubing, valves and inlets of the samplers were cleaned with dilute nitric acid and ethanol, and filled with distilled water that had been autoclaved and filtered through polycarbonate Nuclepore filters (pore size, 0.2 µm).
A test of the prototypes, using them to collect vent fluids, was performed during the Shinkai 2000 dives Nos. 889 (observer, Dr. J. Hashimoto) and 891 (observer, TN) at the submarine volcano Suiyo Seamount, in the Izu-Bonin Fig. 2 . Upper: simplified valve switching of the intake using a two-way shape-memory device. Lower: diagram showing the valve switching of the intake using a two-way shape-memory device. At the initial low temperature (A), the bias (counter) spring surpasses the shape-memory alloy (SMA) spring. When the valve is exposed to high temperature (B), the SMA spring begins to surpass the bias (counter) spring and keeps the valve open (B to C). On re-cooling, the SMA spring loses the force, and the valve is re-closed (C to D). Fig. 1 . Upper: simplified suction mechanism of the hydrothermal fluid sampler using a shape memory alloy (SMA). Lower: diagram showing the force generated by the displacement of the SMA spring used for fluid suction. Fluid suction by the prototype samplers occurs only at a temperature higher than 80°C. The SMA spring is set to the initial length at low temperature (A). The force of the strain stress is smaller than the friction force of the piston coupled to the spring. When the SMA spring is exposed to high temperature (B), it begins to extend to the maximum stroke (B to C), generating the force for fluid suction. Suction finishes at the maximum stroke (C), and the spring is re-cooled in ambient seawater (D).
Arc (28°34′ N, 140°39′ E). Active hydrothermal vents in the central caldera emitted superheated fluid of up to 298°C (Table 2) , as recorded with an RMT thermometer (Rigosha, Tokyo). This fluid temperature can be compared with the known maximum record of 311°C (cited in Ishibashi and Urabe, 1995) . The emitted fluids were collected at three vents at depths of 1372 to 1374 m. The prototype samplers were successfully activated by the high temperature of the superheated fluid and collected the fluid (Fig. 4) . The polyamide inlets of the prototypes were partly damaged by scalding. By contrast, the samplers were not activated unless the valve and the suction spring were simultaneously exposed to the hot fluid. In addition, the samplers did not respond in the periphery of the emitted fluid, which was presumably cooler than 80°C. The ambient seawater temperature was 3.1°C. As the reference non-vent fluid sample, mid-water was collected at a depth of of 935-1089 m using a polyacrylic Niskin-type sampler during the ascent of the 889th Shinkai 2000 dive (by courtesy of Dr. J. Hashimoto). 
Chemical Analysis of the Fluid Samples
In total three fluid samples were collected using the prototype samplers. The sample volume was 70-95 ml each, including the dead volume (25 ml) of pure water remaining in the tubes, valve and cylinder. The dead volume will be decreased in future to increase the efficiency of fluid collection. Collected fluids were recovered aseptically from the samplers and treated for chemical and microbiological analyses. The fluid samples were filtered through polycar- bonate filters having a pore size of 0.2 µm (Nuclepore).
Filtrates were kept refrigerated until chemical analysis. The filters trapping particulate materials were air-dried and kept frozen at -80°C until microbiological analyses. Concentrations of Mg, Ca, K and Sr in the filtrate samples were determined by ion chromatography (Dionex: DX-AQ2211) after 200 times dilution, or by inductively coupled plasma atomic emission spectroscopy using a PerkinElmer Optima 3000 instrument. The results are shown in Table 2 . The Mg-Ca diagram (Von Damm et al., 1985) showed a high correlation ([Ca] = -1.123 [Mg] + 74.7 mmol kg -1 , r 2 = 0.95). However, the predicted concentration of end-member Ca (74.69 mmol kg -1 ) was lower than the measured concentration of 89 mmol kg -1 ; and the predicted concentration of seawater Mg (57.6 mmol kg -1 , when [Ca] = 10 mmol kg -1 ) was higher than the known concentration of ca. 50 mmol kg -1 . The Mg-K correlation was low, due to an unexpectedly low concentration of K against low Mg concentration. The reason for the inconsistency shown for the Mg diagrams is unclear; however, it must be related to entrainment of ambient seawater.
The concentration of end-member Mg (in "pure" vent fluid) is theoretically expected to be zero. However, Mg concentration in the collected vent fluid was 24.8-47.4 mmol kg -1 , compared with 52.2 mmol kg -1 of the reference mid-water. This indicates that the collected samples contained 9.2-52.5% vent fluid and 90.8-47.5% seawater. Entrainment of ambient seawater was also revealed by the Sr concentration. The Sr concentration of a fluid sample was 122 µmol kg -1 , while Sr concentration of end-member and seawater is expected to be 300 and 86 µmol kg -1  Table 2 ), respectively, indicating that the fluid sample contained 83% seawater. The "purity" of the hydrothermal fluid collected by the prototype samplers was estimated to be as low as 9.2-52.5%, compared with purities occasionally exceeding >90% obtained by temperaturemonitoring samplers (Von Damm et al., 1985; Deming et al., 1989; Tsunogai et al., 1994; .
The seawater entrainment was mainly thought to be due to the mis-collection of ambient seawater, in addition to the sub-vent mixing of hydrothermal fluid and intruding seawater. The prototype samplers were designed to collect only superheated fluid; however, it might be the case that the suction was so strong that ambient seawater was forcibly entrained in the intake flow along with the vent fluid. The samplers are being re-designed to slow the suction for gentle collection of the "pure" fluid.
Microorganisms in the Fluid Sample
Microscopic observation of the particulate materials on the Nuclepore filters revealed the occurrence of numerous microorganisms in the 298°C fluid (Fig. 5) . Microorganisms on the pre-blackened filters were fluorescence-stained with acridine orange solution and observed by epifluorescence microscopy (Hobbie et al., 1977) . The population density of the microorganisms in the hot fluids was approximately 10 5 to 10 6 cells ml -1 . More precise estimation was difficult because of morphological diversity and dominance of filamentous microorganisms. DNA was extracted from the filter-trapped microorganisms in the 298°C fluid by the conventional phenol/ethanol method, and the quantity of DNA was determined by spectrophotometry (Ausubel et al., 1995) . Estimated DNA concentration was <5 ng ml -1 , corresponding to <5 × 10 6 cells ml -1 , assuming 1 ng DNA per 10 6 cells recovered by a similar method (Somerville et al., 1989) .
The occurrence of microorganisms in superheated fluids is controversial. Some studies have reported that no intact bacteria could be found in superheated fluids (Jannasch and Mottl, 1985; Karl et al., 1988) . However, Straube et al. (1990) reported that 1-2 ng DNA ml -1 (corresponding to 1-2 × 10 6 cells ml -1 ) was recovered from hydrothermal fluids at >300°C. There might be regional differences in vent geology and chemistry, which probably resulted in the differences in vent microbiology (Karl et al., 1988) . The bacterial numbers estimated by Straube et al. (1990) and in this study are 2-3 orders of magnitude higher than those known for ordinary seawaters at corresponding depths (<10 4 cells ml -1 ; Naganuma et al., 1989 Naganuma et al., , 1990 . The total bacterial number of the fluid sample (10 6 cells ml -1 ) was not greatly affected by the total bacterial number of the ambient seawater (<10 4 cells ml -1 ), as the ambient seawater accounted for <50% of the fluid sample. The high abundance of bacterial cells in the fluid sample suggests that microbial colonies are formed somewhere beneath the vents, and that part of the colonies is entrained into the hydrothermal fluid emission. This "sub-vent colony" hypothesis can be supported by a recent finding of "white junk", presumed to be microbial byproducts, in the hot fluid from a "man-made" hydrothermal vent (Holden, 1996) . Phylogenetic analysis of the extracted DNA is underway, and the results will be reported elsewhere. Improved SMA fluid samplers will hopefully allow us to collect "purer" hydrothermal fluids and the opportunity for more determinative analyses in microbiology. The use of the SMA fluid samplers will greatly facilitate the collection of vent-associated microorganisms, which are of potential biological and biotechnological interest.
